INTRODUCTION
============

The global awareness of leukemia as one of the major causes of cancer death worldwide in people of various ages and racial background has led to intensive research efforts and numerous clinical studies in the fight against the disease \[[@B1]\]. Leukemia, a cancer of the blood or bone marrow, is characterized by an abnormal increase in blood cells, usually leukocytes, which results from somatic mutations in the DNA. Certain mutations produce leukemia by activating oncogenes or deactivating tumor suppressor genes, thereby disrupting the regulation of cell death, differentiation, or division. These mutations may occur spontaneously or after exposure to radiation or carcinogenic substances and are likely to be influenced by genetic factors \[[@B2]\].

Currently, researchers are focusing on organisms that appear to offer anti-cancer and immune system enhancing activity. Depending on the stage of cancer progression, treatments include surgical operation, radiotherapy, and chemotherapy. Most cancer chemotherapies are essentially toxic, because it is difficult to apply the principle of selective toxicity used in the treatment of microbial infections. Patients receiving these agents experience severe side effects that limit the doses which can be administered, and hence, limit the beneficial effects. Clinical investigators realized that the ability to manage these toxicities is crucial to the success of cancer chemotherapy. However, their side effects cause serious damage and negatively affect the patients. As an alternative to these treatment methods, immunotherapy is now gaining more attention than ever. Immunotherapy substantially reduces the side effects and the inherent pain of cancer experienced by patients and helps to overcome cancer growth, even in the last stages of the disease \[[@B3]\].

Recent investigations have been channeled on the development of immunotherapies to target and remove cancer cells as well as on substances such as immunopotentiators, immunoinitiators, and biological response modulators that act to prevent carcinogenesis and induce carcinostasis \[[@B1]\].

Some polysaccharides or polysaccharide-protein complexes from mushrooms (fungi) are able to stimulate the non-specific immune system and exert antitumor activities through stimulation of the host\'s defense mechanism \[[@B4]\]. These substances activate effector cells such as macrophages, T lymphocytes, and natural killer (NK) cells to secrete cytokines, e.g., tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1β, etc., which are anti-proliferative and induce apoptosis and differentiation in tumor cells. *Pleurotus ostreatus* and *P. pulmonarius* are edible mushrooms possessing biological activities related to immune enhancement and in vitro anticancer effects \[[@B3]\].

This work aimed at determining the antileukemic action of metabolites from *P. pulmonarius*, a local strain, and *P. ostreatus*, an exotic strain, and comparing their potentials.

MATERIALS AND METHODS
=====================

1. Production of the metabolites
--------------------------------

*P. pulmonarius* and *P. ostreatus* metabolites were produced by submerged fermentation at the Biotechnology Laboratory of Ladoke Akintola University of Technology, Ogbomoso, Nigeria. *P. pulmonarius* and *P. ostreatus* were cultured/fermented in standard yeast extract-glucose medium supplemented with 5 g/L ethanolic extract of *Annona senegalensis*. The yeast extract-glucose medium consisted of: glucose 50 g/L, peptone 2.5 g/L, yeast extract 2.5 g/L, KH~2~PO~4~ 2 g/L, MgSO~4~.7H~2~O 1 g/L, and CaCl~2~.2H~2~O 1 g/L; the pH was maintained at 5.8. The fungi were inoculated into separate fermentation flasks by using 3 agar plugs each (6 mm diameter) from the outer circumference of a fungal colony growing on a potato dextrose agar medium plate. This served as the inoculum \[[@B5]\]. The media were then incubated on an orbital shaker at 28℃ for 7 days at 150 rpm. The medium was harvested after 7 days of fermentation by using a cheesecloth to sieve in order to obtain the mycelia mass. The filtrate was measured by using a measuring cylinder and an equal volume of acetone was added to precipitate the metabolites. The broth was filtered with filter paper to remove the metabolites. The concentration of the metabolite solutions was adjusted to 20 mg/mL.

2. Administration of metabolites
--------------------------------

The rats were administered 0.2 mL of the metabolite solution by gavage daily before, during, and after leukemia induction as designed in the experimental protocol ([Table 1](#T1){ref-type="table"}).

3. Experimental animals
-----------------------

Ninety-six Wister rats weighing about 150 g each were purchased from the animal house of Obafemi Awolowo University, Ile-Ife, Nigeria. The rats were randomly arranged in separate wooden cages (16 per group; 2 replicates of 8 each) and were allowed to acclimatize for 7 days before commencement of the experiment. The room temperature in the animal house was 28±2℃ and a 12-hr light/dark cycle was employed. The rats were handled following standard ethical procedures.

4. Experimental (control) diet
------------------------------

The commercial (control) diet for the rats was purchased from the animal house of the Ladoke Akintola University of Technology, Osogbo, Nigeria. The rats were fed rat pellets and water *ad libitum*.

5. Leukemia induction
---------------------

Leukemia was successfully induced in Wister rats by intravenous injection of 0.2 mL of a 1:10 diluted benzene solution (Chromasolv, in water/2-propanol \[50/50\] v/v), given every 2 days for 3 consecutive weeks. The aqueous solution of the mushroom metabolites (20 mg/mL) produced by submerged fermentation was orally administered by gavage (0.2 mL) before, during, and after leukemia induction. Leukemia burden was assessed by comparing the hematological parameters at baseline and after leukemia induction in various experimental groups ([Table 1](#T1){ref-type="table"}).

6. Blood samples analysis
-------------------------

After 3 weeks of benzene injection and administration of metabolites (as designed in the experimental protocol), animals in the respective groups were bled by cardiac puncture. The blood was collected into ethylenediaminetetraacetic acid (EDTA) vials, gently mixed, labeled, and analyzed. The animals were handled and killed ethically as recommended by animal care regulations.

7. Estimation of hematological parameters and indices
-----------------------------------------------------

Hematological parameters and indices were assessed by flow cytometry (direct current method) using suitable cell packs according to the manufacturer\'s specification for the desired cell population on the SYMEX KX-21N autoanalyzer.

8. Differential WBC count
-------------------------

The Leishman staining technique was used to compliment the automation estimation result. The technique was applied as previously described \[[@B6]\]. The stained slides were allowed to dry and examined using the battlement method with an oil immersion objective (×100). One hundred consecutive leukocytes indicating various types encountered were counted and recorded.

9. Determination of immunomodulatory functions of the metabolites
-----------------------------------------------------------------

Leukocytes comprise of macrophages and NK cells have been shown to play important roles in cancer surveillance in the human body and subsequently elimination of cancerous cells \[[@B3]\]. In order to determine the immunomodulatory functions of the metabolites, their potential to enhance bone marrow leukopoiesis was determined on the basis of the total leukocyte count and phagocytic function of WBCs as measured using the carbon clearance test described below.

The rats were divided into 4 groups of 8 animals in each group, received various treatments as mentioned below, and were used for the above-described assays.

The characteristics of the groups were as follows: group 1: control (normal) rats were given only normal saline, while rats in groups 2, 3, and 4 received doses of 20 mg/mL, 40 mg/mL, and 80 mg/mL, respectively. All solutions were administered using an oral cannula, once per day for 8 days.

10. Enhancement of leukopoiesis
-------------------------------

The leukocytes were counted as previously described \[[@B7]\]. Blood samples were collected into EDTA anticoagulant vials through the tail of Wister rats on the 8^th^ day of metabolite administration. The blood (20 µL) was diluted in 0.38 mL of Turk\'s solution and the suspension was charged onto the new improved Neubauer counting chamber. The cells were counted microscopically using a 16-mm eyepiece and a ×10 objective.

11. Determination of phagocytic activity
----------------------------------------

The phagocytic activity of the reticuloendothelial system (RES) was assessed by using the carbon clearance method \[[@B8]\]. Briefly, 1 mL of Indian ink was administered intravenously to all 4 groups of adult Wister rats on the 8^th^ day of metabolite administration. Blood samples were collected at 3-, 6-, 9-, and 12-min intervals and transferred directly into the centrifuge tube, allowed to coagulate at room temperature, and centrifuged at 2,000 rpm for 10 min. Then, 50 µL of clear supernatant (serum) was collected and transferred to different volumetric flask. The volume was made up to 25 mL using distilled water; absorbance was measured at 650 nm using a spectrophotometer. The recorded absorbance was plotted against time. The slope of the graph denotes the rate of carbon clearance, which is a measure of phagocytic activity of the RES and termed phagocytic index \[[@B9]\].

12. Statistical analysis
------------------------

Data were analyzed using ANOVA and paired t-test. They are expressed as mean±SD and were pictographically analyzed using the Statistical Package for the Social Sciences (SPSS) version 16.

RESULTS
=======

Results of the hematological parameters (which are the major leukemia indices) in the various experimental groups treated with *P. pulmonarius* and *P. ostreatus* metabolites are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"} and [Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, respectively. The Tables and Figs show the statistical comparisons of various hematological parameters between baseline and post-treatment of the respective experimental groups.

Group A showed a slight decrease in packed cell volume (PCV) when the baseline results were compared with their respective post-treatment values. PCV is a measure of the volume of RBCs compared to the total volume of blood and is a reliable indication of the amount of circulating RBCs and the degree of anemia or polycythemia in the experimental rats. A similar decrease was observed in the PCV of groups B and C, when their baseline and post-treatment values were compared ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}, respectively).

Groups D and F were found to have a normal PCV. Results of various hematological parameters in group D revealed that there was no adverse reaction or toxicity experienced by the rats as a result of administration of the 2 metabolites.

Groups A, B, C, and D were found to have a slight and insignificant increase in WBC counts, when their baseline values were compared with their post-treatment values, but WBC count in group E markedly increased, when the baseline leukocyte counts were compared with the post-treatment counts, which was an indication of successfully-induced leukemia.

The erythrocyte counts in groups A and C were found to have increased, when their baseline value were compared with the post-treatment values. A similar increase was observed in the PCV of group D showing non-toxicity of the metabolites. The healthy animals treated with *P. ostreatus* and *P. pulmonarius* metabolites presented in group D showed no significant alterations in erythrocyte counts, leukocyte counts, and hematological indices, when compared with the healthy animals in group F who received commercial feed and water only.

The total WBC (TWBC) counts in the control group served as reference values. In animals treated with *P. ostreatus* and *P. pulmonarius* metabolites, the number of leukocytes increased. The highest count was obtained from the animal group fed with metabolites at the highest dose (80 mg/mL) (*P*\<0.001) ([Fig. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). There was a statistically significant increase (*P*\<0.05) in the leukocyte counts among the treatment groups ([Table 4](#T4){ref-type="table"}).

The results presented in [Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"} (*P. ostreatus* and *P. pulmonarius*, respectively) show that the concentration of carbon ink obtained after 12 min of experimental time decreased compared with the initially recorded value (at 3 min). Comparatively, *P. pulmonarius* metabolites with mean phagocytic indices of 2.26, 2.03, and 1.97, respectively, demonstrated a significantly better phagocytic activity than *P. ostreatus* (*P*\<0.05), as shown in [Table 5](#T5){ref-type="table"}.

DISCUSSION
==========

In this study, anemia of chronic disease was observed in animals of groups A, B, and C where leukemia was induced due to exposure to a potent carcinogen \[[@B10]\]. A significant increase was observed in the hemoglobin concentration and number of erythrocytes in groups A, B, and C, when compared with the leukemia-positive group ([Fig. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). This observation suggests that the metabolites of *P. pulmonarius* and *P. ostreatus* have beneficial effects on anemia in animals with leukemia. This finding is supported by the report on the hematological and metabolic effects of dietary supplementation with the fungus *Agaricus sylvaticus* on rats bearing solid Walker 256 tumors \[[@B10]\].

Leukocytosis was observed in the groups of leukemia-induced rats as demonstrated in some other works \[[@B11], [@B12]\]. There was a significant difference in WBCs between group C and group E. Leukocytosis is usually associated with leukemia and was found to be restored or prevented in rats treated with either of the metabolites before, during, or after exposure to the leukemia-inducing agent because there was no significant difference in the post-treatment WBC counts of groups A, B, and C. This was an indication of the prophylactic potentials of the metabolites ([Table 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}).

The result was corroborated by the report of a previous work when the metabolites from the same organisms exhibited profound antitumor activities on *N*-nitroso-*N*-ethylurea-induced tumors in experimental animals \[[@B13]\]. The antitumor activity could be attributed to fungal polysaccharide complexes that are capable of stimulating the non-specific immune system and exert antitumor activity through activation of the host\'s defense mechanism \[[@B14]\].

In this work, we also report the immunomodulatory activity of the investigated metabolites using leukopoiesis enhancement and carbon clearance tests. Findings on leukopoiesis enhancement potential from this study showed that metabolites of *P. ostreatus* and *P. pulmonarius* have the ability to increase the total leukocyte count in Wister rats; the highest count was observed in the group that received the highest dose (80 mg/mL). There was a significant difference between the groups (*P*\<0.005) ([Table 4](#T4){ref-type="table"}). This result is in line with the research carried out by Jain and colleagues \[[@B15]\]. They investigated the immunomodulatory activity of a methanolic extract of *Tephrosia purpurea* on the 8^th^ day of administration. The extract caused a dose-dependent increase in the leukocyte count at doses of 100, 200, and 400 mL/kg body weight.

The carbon clearance test was employed to evaluate the effect of the fungal metabolites on the RES. The result obtained from this research implies that administration of both metabolites resulted in an increased number and enhanced phagocytic activity of macrophages on the 8^th^ day of administration. The highest values were observed in the group treated with the highest dose (80 mg/mL); thus, the function of the macrophages was significantly enhanced. This was further supported by the significant increase in carbon clearance at a higher dose of the metabolites (80 mg/mL), which indicates stimulation of the RES \[[@B16]\]. However, this result is in contrast to that obtained when the immunomodulatory activity of a polyherbal drug was studied \[[@B17]\]. Mice were fed with the respective drugs orally for 5 days; at 48 h after the last treatment, mice were injected with a carbon ink suspension (0.01 mL) via the tail vein. The result revealed that the rate of clearance of carbon particles was increased by all treatments when compared to the vehicle, but the increase was only significant at a higher dose of the polyherbal formulation (90 mg/kg) and not at a lower dose (45 mg/kg) as well as the standard levamisole (25 mg/kg).

In conclusion, the fungal metabolites investigated in this study exhibited therapeutic potential as demonstrated by their ability to suppress leukemia in animals following oral administration in various experimental groups. The bioactive compounds from both local and exotic mushrooms revealed profound immunotherapeutic and leukemia suppressor activities.
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###### 

Experimental protocol for antileukemic testing of the metabolites.
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All treatments were replicated and appropriately controlled. Sterile water was used as placebo.

Abbreviation: METAB, metabolites of *P. pulmonarius* or *P. ostreatus*.

###### 

Hematological parameters at baseline, post leukemia induction, and after treatment with *Pleurotus pulmonarius* metabolites (mean±SD).
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Abbreviations: PCV, packed cell volume; LYM, lymphocytes; RDW, RBC distribution width; PDW, platelet distribution width; MPV, mean platelet volume.

###### 

Hematological parameters at baseline, post leukemia induction, and after treatment with *Pleurotus* metabolites (mean±SD).
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Abbreviations: PCV, packed cell volume; LYM, lymphocytes; RDW, RBC distribution width; PDW, platelet distribution width; MPV, mean platelet volume.

###### 

Comparison of the effect of *P. ostreatus* and *P. pulmonarius* metabolites on leukopoiesis (total WBC count/mL, mean±SD).
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###### 

Comparison of phagocytic activity of *P. ostreatus* and *P. pulmonarius* metabolites using the carbon clearance assay.
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